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Development/Plasticity/Repair
The Gli3Hypomorphic Mutation Pdn Causes Selective
Impairment in the Growth, Patterning, and Axon Guidance
Capability of the Lateral Ganglionic Eminence
Dario Magnani,1 Kerstin Hasenpusch-Theil,1 Erin C. Jacobs,2 Anthony T. Campagnoni,2David J. Price,1
and Thomas Theil1
1Centre for Integrative Physiology, University of Edinburgh, Edinburgh EH8 9XD, United Kingdom, and 2UCLA Semel Institute for Neuroscience, Los
Angeles, California 90095-7332
Previous studies have defined a requirement for Sonic hedgehog (Shh) signaling in patterning the ventral telencephalon, amajor source
of the neuronal diversity found in the mature telencephalon. The zinc finger transcription factor Gli3 is a critical component of the Shh
signaling pathway and its loss causes major defects in telencephalic development. Gli3 is expressed in a graded manner along the
dorsoventral axis of the telencephalon but it is unknown whether Gli3 expression levels are important for dorsoventral telencephalic
patterning. To address this, we used theGli3 hypomorphicmousemutant Polydactyly Nagoya (Pdn).We show that in Pdn/Pdn embryos,
the telencephalic expression of Gli3 remains graded, but Gli3mRNA and protein levels are reduced, resulting in an upregulation of Shh
expression and signaling. These changes mainly affect the development of the lateral ganglionic eminence (LGE), with some disorgani-
zation of the medial ganglionic eminencemantle zone. The pallial/subpallial boundary is shifted dorsally and the production of postmi-
totic neurons is reduced. Moreover, LGE pioneer neurons that guide corticofugal axons into the LGE do not form properly, delaying the
entry of corticofugal axons into the ventral telencephalon. Pdn/Pdn mutants also show severe pathfinding defects of thalamocortical
axons in the ventral telencephalon. Transplantation experiments demonstrate that the intrinsic ability of the Pdn ventral telencephalon
to guide thalamocortical axons is compromised. We conclude that correct Gli3 levels are particularly important for the LGE’s growth,
patterning, and development of axon guidance capabilities.
Introduction
The formation of a functional mammalian CNS requires the or-
dered generation of hundreds of different neuronal cell types.
Understanding themechanisms underlying the generation of this
neuronal diversity is a major challenge in developmental neuro-
biology. The ventral telencephalon (VT) represents an excellent
paradigm, as it gives rise not only to multiple neuronal cell types
that form the basal ganglia and part of the amygdala and septum
but also to several different types of olfactory and cortical inter-
neurons. The VT also provides several cues to guide thalamocor-
tical and corticothalamic axons (TCAs andCTAs, respectively) to
their respective target areas in the cortex and thalamus.
Recent analyses have identified Sonic hedgehog (Shh) signal-
ing as a key regulator controlling the generation of neuronal di-
versity in the VT. In Shh loss-of-function mutants, nearly all
ventral telencephalic cell types are absent (Chiang et al., 1996;
Rallu et al., 2002; Fuccillo et al., 2004), whereas ectopic Shh ex-
pression in the dorsal telencephalon results in the upregulation of
ventral telencephalic markers and the downregulation of dorsal
markers (Ericson et al., 1995; Shimamura and Rubenstein, 1997;
Kohtz et al., 1998; Gaiano et al., 1999; Rallu et al., 2002). Simi-
larly, Gli transcription factors, critical components of the Shh
signaling pathway, are required for telencephalic development.
Mutations in Gli3, in particular, affect the development of both
ventral and dorsal components of the telencephalon (Grove et al.,
1998; Theil et al., 1999; Tole et al., 2000; Kuschel et al., 2003;
Theil, 2005; Fotaki et al., 2006; Friedrichs et al., 2008;Quinn et al.,
2009; Yu et al., 2009a). In the dorsal telencephalon, Gli3 controls
patterning independently of Shh, but in the VT, Gli3 transcrip-
tion and cleavage of Gli3 protein into its repressor form are sup-
pressed by Shh signaling, resulting in a dorsalhigh to ventral low
gradient of Gli3 expression. Ventral telencephalic patterning is
restored in Shh;Gli3 double mutants, suggesting that Shh and
Gli3 act antagonistically to pattern theVT (Aoto et al., 2002; Rallu
et al., 2002; Rash and Grove, 2007). It remains unclear, however,
as to what extent the dorsoventral gradient of Gli3 expression is
important for dorsoventral telencephalic patterning. As this
question cannot be addressed in the Gli3-null mutant extra-toes,
we used theGli3 hypomorphicmousemutant Polydactyly Nagoja
(Pdn) (Hayasaka et al., 1980).We show that in Pdn/Pdnmutants,
levels of Gli3mRNA and protein are reduced in the VT whereas
the overall Gli3 expression pattern remains unaltered, resulting
in a shallower gradient of Gli3 expression. This change causes an
upregulation of Shh expression and signaling in the VT and se-
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verely affects the development of the lateral
ganglionic eminence (LGE), which be-
comes ventralized at caudal levels and pro-
duces fewer neurons. The formation of the
pallial/subpallial boundary (PSPB) is defec-
tive and corticothalamic and thalamocor-
tical tracts show severe axon-guidance
defects. Transplantation experiments show
that the axon-guidance defects are caused at
least in part by abnormalities intrinsic
to the VT.
Materials andMethods
Mice. Pdn heterozygous animals were kept on a
C3H/He background and were interbred. Em-
bryonic (E) day 0.5 was assumed to start at
midday of the day of vaginal plug discovery.
Embryos were genotyped as described previ-
ously (Ueta et al., 2002). In qualitative analyses
of mutant phenotypes, heterozygous and wild-
type embryos did not show differences and
both were used as control embryos. For quan-
titative analyses, wild-type and Pdn/Pdn em-
bryos were compared to avoid the possible risk
of Pdn/ embryos having subtle defects. For
each marker and each stage, three to five non-
exencephalic embryos were analyzed at rostral,
medial, and caudal levels of the developing
forebrain. Golli-GFP (Jacobs et al., 2007) and
GFP mice (Pratt et al., 2000) were bred into
the Pdn line.
In situ hybridization and immunohistochem-
istry. Antisense RNA probes for Dbx1 (Yun et
al., 2001), Dlx2 (Bulfone et al., 1993), Ebf1
(Lo´pez-Bendito et al., 2006), Gli1 (Hui et al.,
1994), Gsh1 (Valerius et al., 1995), Nkx2.1
(Lazzaro et al., 1991),Nkx6.2 (Qiu et al., 1998),
Ptc (Goodrich et al., 1996), Shh (Echelard et al.,
1993), and Six3 (Oliver et al., 1995) were la-
beled with digoxigenin. In situ hybridization
on 12m serial paraffin sections ofmouse em-
bryos were performed as described previously
(Theil, 2005).
Immunohistochemical analysis was per-
formed as described previously (Theil, 2005) us-
ing antibodies against the following molecules:
bromodeoxyuridine (BrdU, 1:50; Abcam), BrdU
and iododeoxyuridine (IdU, 1:50; BDBioscience), green fluorescent protein
(GFP,1:1000;Abcam),Glast (1:5000,Chemicon),Gsh2(1:2500) (agift from
K. Campbell, Cincinnati Children’s Hospital Medical Center, Cincinnati,
OH), Isl1/2 (1:100; DSHB), neurofilament (1:5; DSHB), Pax6 (1:100;
DSHB), PCNA (1:500; Abcam), phosphohistone-H3 (1:1000; Millipore),
and -III-tubulin (Tuj1 antibody, 1:1000; Sigma).
Formeasuring cell cycle lengths, pregnant females received a single, intra-
peritoneal injection of IdU (10mg/ml) at E10.5, followed by an injection of
BrdU 90min later. Embryos were collected 2 h after the initial injection. To
determine the generation of neurons by pulse-chase experiments, E10.5
pregnant females were intraperitoneally injected with BrdU. Embryos were
harvested 24 h later and stained for BrdU andPCNA. The fraction of cells in
the LGE and medial ganglionic eminence (MGE) that had left the cell cycle
and differentiated into neurons was calculated by dividing the number of
BrdU PCNA cells by the total number of BrdU cells.
Carbocyanine dye injection and analysis. Brains were fixed overnight in
4% (w/v) paraformaldehyde (PFA) at 4°C. For cortical injections, single
crystals of the lipophilic tracer DiI were injected into the cortex of whole
brains at three or four symmetrical positions along the rostrocaudal ex-
tent of the cortex using pulled-glass capillaries. For thalamic injections,
caudal parts of the brains were removed with a coronal cut to expose the
caudal surface of the dorsal thalamus. Depending on brain size, single
crystals were injected at one to three positions along the dorsoventral
extent of the dorsal thalamus. Dyes were allowed to diffuse at room
temperature for 4–8 weeks in 4% (w/v) PFA in PBS. Brains were rinsed
in PBS, embedded in agarose, and sectioned coronally on a vibratome at
100–200m. Sections were cleared in 9:1 glycerol:PBS solution contain-
ing the nuclear counterstain TOPRO3 (0.2 M) overnight at 4°C.
Explant culture. Organotypic slice cultures of different levels of the
embryonic mouse telencephalon were prepared as previously described
(Lo´pez-Bendito et al., 2006). Brain slices were cultured on polycarbonate
culture membranes (8 m pore size; Corning Costar) in organ-tissue
dishes containing 1 ml of medium [Neurobasal/B-27 (Invitrogen) sup-
plemented with glutamine, glucose, penicillin, and streptomycin]. Slices
were cultured for 72 h, fixed with 4% PFA, and processed for anti-GFP
immunofluorescence as described above.
Quantitative reverse transcriptionPCR.cDNAsampleswerecollected from
the E10.5 telencephalon and from the E12.5 VT of wild-type or Pdn/Pdn
embryos. Quantitative reverse transcription PCR (qRT-PCR) used
the following primer pairs: Shh (5-ATTTTGTGAGGCCAAG-
CAAC-3 and 5-CAGGAGCATAGCAGGAGAGG-3),Gli1 (5-GTTAT-
GGAGCAGCCAGAGAG-3 and 5-GAGTTGATGAAAGCCACCAG-3),
Ptc1 (5-GCATTCTGGCCCTAGCAATA-3 and 5-CAACAGTCAC-
Figure 1. Gli3 expression is reduced in the forebrain of Pdn/Pdn mutants. A–H, Gli3 in situ hybridization on coronal sections
through the forebrain of E10.5 (A,D) and E12.5 (B, C, E, F ) wild-type (wt;A–C) and Pdn/Pdn (D–F ) embryos.Gli3mRNA levels are
clearly reduced in Pdn mutants but the overall expression pattern is conserved. The arrowheads in B, C, F, and G mark Gli3
expression in the MGEmantle zone. I, Gli3 Western blot analysis with E12.5 ventral telencephalic extracts. In Pdnmutant extract,
Gli3 activator and repressor forms are present at reduced level but are absent in Xt J mutants. The asterisk indicates an additional
Gli3-specific 85kDaprotein. Anunspecific 50kDabandwasusedas a loading control. J, QuantificationofWesternblot data. Asterisk
(*) denotes statistically significant changeswithp 0.05. ctx, Cortex; DT, dorsal thalamus; zli, zona limitans intrathalamica.
13884 • J. Neurosci., October 13, 2010 • 30(41):13883–13894 Magnani et al. • Gli3 and Ventral Telencephalon
CGAAGCAGAA-3), andGapdh (5-AGGTTGTCTCCTGCGACTTCA-3
and 5-CCAGGAAATGAAGCTTGACAAAG-3). qRT-PCR was per-
formed usingQuantitect SYBRGreen PCR kit (Qiagen) and aDNAEngine
Opticon System (GRI). The abundance of each transcript in the original
RNA sample was extrapolated from PCR kinetics using Opticon software.
Western blotting. Protein was extracted from VT of E12.5 wild-type and
Pdn/Pdn embryos as described previously (Fotaki et al., 2006). Equivalent
amountsofproteinwere subjected togel electrophoresis ona3–8%gradient
Tris-acetate gel (Invitrogen), and protein was transferred to a nitrocellulose
membrane, which was incubated with rabbit polyclonal anti-Gli3 antibody
(1:500; Abcam). After incubating with a horseradish peroxidase-conjugated
anti-rabbit IgG secondary antibody (1:2000; Dako), signal was detected us-
ingECLPlus detection (GEHealthcare). Band intensitywasmeasuredusing
ImageJ software and was normalized for the loading control.
Results
Shh signaling is upregulated in the VT of Pdn/Pdnmutants
To test the effect of the Pdn mutation on Gli3 expression, we
performed in situ hybridizations on coronal sections of the E10.5
andE12.5 forebrain. Confirming previous
findings, Gli3 transcripts are restricted
mainly to the ventricular zones of the
developing cortex, VT, and thalamus of
wild-type embryos (Fig. 1A–D) (Hui et al.,
1994; Fotaki et al., 2006). In the VT, Gli3
shows a lateralhigh to medial low gradient
of expressionwith low expression levels in
the MGE. Upon longer color develop-
ment, we also noted a previously unde-
scribed group of Gli3-expressing cells in
the MGE mantle (Fig. 1C). In Pdn/Pdn
mutant embryos, this expression pattern
is conserved, although overall Gli3 ex-
pression levels are clearly reduced (Fig.
1E–H ).
Reduced Gli3 expression was also evi-
dent at the protein level (Fig. 1 I). In pro-
tein extracts from the E12.5 VT of
wild-type embryos, Western blots using a
Gli3 N-terminal antibody showed two
Gli3 forms of 170 and 80 kDa, corre-
sponding to the Gli3 activator and repres-
sor, respectively. In Pdn/Pdn mutants,
both forms are present but are reduced
approximately threefold (repressor, 3.6-
fold 1.2 SEM; activator, 2.8-fold 0.9;
n 5). Interestingly, the ratio of Gli3 re-
pressor to activator remains unaltered
(wild-type, 1.5  0.7 compared with
1.1 0.3 for Pdn/Pdn; n 3). This anal-
ysis also revealed low amounts of an addi-
tional Pdn/Pdn-specific Gli3 protein of
85 kDa (Fig. 1 I, asterisk), which is likely
to be encoded by previously described al-
ternative splice products, leading to the
insertion of 56 or 61 aa in the N-terminal
part of the Gli3 protein (Thien and
Ru¨ther, 1999; Ueta et al., 2002). The pres-
ence of a Gli3 activator protein containing
the same additional amino acids is likely,
but could not be resolved on these gels due
to its high molecular weight (170 kDa
compared with 175 kDa). Together, these
analyses revealed reduced expression lev-
els of Gli3 mRNA and protein while the
overall Gli3 expression pattern and in particular its graded ex-
pression in the VT is not affected by the Pdnmutation.
We next analyzedwhether the Pdnmutation alters Shh signal-
ing in the VT by determining Shh expression and that of its target
genes, Gli1 and Ptc1 (Goodrich et al., 1996; Lee et al., 1997), at
E10.5 and E12.5. In wild-type embryos, Shh expression was con-
fined to MGE progenitor cells and to the MGE mantle zone at
E10.5 and E12.5, respectively (Fig. 2A,C); Gli1 was expressed in
the progenitor cells at the interganglionic sulcus separating the
LGE and MGE (Fig. 2E,G); and Ptc1 was expressed in the ven-
tricular zone of the E10.5 andE12.5MGE (Fig. 2 I,K). InPdn/Pdn
brains, patterns of expression were similar, but the domain of
Ptc1 was expanded dorsally and overall expression levels of at
least Shh and Ptc1 might be increased (Fig. 2B,D,F,H, J,K). Ex-
pression levels were therefore quantified by qRT-PCR on dis-
sected E10.5whole telencephali and on E12.5 ventral telencephali
(Fig. 2M,N). This showed an approximately twofold increase in
Figure 2. Upregulation of Shh expression and signaling in the VT of Pdn/Pdn mutants. A–L, Coronal sections through the
forebrain of E10.5 (A,B, E, F, I, J ) and E12.5 (C,D,G,H, K, L) embryos hybridizedwith the indicated probes. (A–D) Shh expression
is increasedbut remains confined to theMGEofPdnmutants.E–H,Gli1 expression remains restricted to the interganglionic sulcus.
I–L, Ptc1 expression is upregulated and extends into the LGE of E12.5 Pdn/Pdn embryos. Arrowsmark the dorsal boundary of Ptc1
expression.M,N, qRT-PCR analysis of Shh, Gli1, and Ptc1 expression in the E10.5 telencephalon (M ) and E12.5 ventral telenceph-
alon (N ). Asterisks (*and**)denotestatistically significantchangeswithp0.05andp0.001, respectively. ctx,Cortex;wt,wild type.
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Shh and Ptc1 expression levels at both ages
whereas Gli1 expression levels were signifi-
cantly upregulated only at E12.5. Together,
these experiments show an upregulation of
Shh expression and increased Shh signaling
in the mutant E10.5 and E12.5 VT.
The Pdn/PdnVT displays
patterning defects
We next tested whether the alterations in
Gli3 expression and Shh signaling de-
scribed above might affect dorsoventral
telencephalic patterning. To delineate the
boundary between the dorsal and ventral
telencephalon, we examinedDlx2 andGsh2
expression. Dlx2 is expressed throughout
the proliferative zone of the ventral telen-
cephalon (Fig. 3A), whereas Gsh2 is ex-
pressed in a dorsalhigh to ventral low gradient
in the LGE (Fig. 3C). Both markers show a
sharp expression boundary at the PSPB. In
Pdn/Pdn brains, Dlx2 and Gsh2 expression
are maintained in the VT but expand more
dorsally. At the PSPB, some Dlx2 cells
intermingle with Dlx2 cells and some
Gsh2 cells are mixed with Gsh2 cells,
suggesting abnormalities in the establish-
ment ormaintenance of this boundary (Fig.
3B,D). These findings were confirmed by
the expression of markers characteristic of
the dorsal telencephalon. In control em-
bryos, Pax6 expression is detected at high
levels in neocortical progenitors with a
sharpexpressionboundaryat thePSPB(Fig.
3E). In Pdn/Pdn mutants, the ventral limit
of this expression at the PSPB is shifted dor-
sally closer to the angle region at the most
lateral end of the LGE (Fig. 3F). The Pax6-
expressing corticostriatal stream that ema-
nates from the PSPB region is severely
reduced in mutant embryos (Fig. 3E,F).
Similarly, the expression of Dbx1, which is
confined to progenitor cells of the ventral
pallium (i.e., the region dorsal to the PSPB)
of control embryos (Yun et al., 2001) (Fig.
3G), is shifted dorsally in thePdn/Pdn telen-
cephalon and expands into more dorsal re-
gions of the neocortex (Fig. 3G,H) as in other Gli3 mutants
(Hanashima et al., 2007; Friedrichs et al., 2008). Thesemarker anal-
yses indicate that the boundary between ventral and dorsal telen-
cephalon is defective, with the PSPB becoming less defined and
shifted dorsally in Pdn/Pdnmutants.
Next, we analyzed the molecular regionalization within the
Pdn/Pdn VT. Based upon their expression profiles, LGE and
MGE progenitor regions can be subdivided into molecular sub-
territories (Yun et al., 2001; Flames et al., 2007). Nkx2.1 expres-
sion is confined to the MGE, whereas Nkx6.2 is expressed on
either side of the interganglionic sulcus (Fig. 3 I,K). No differ-
ences were found in the expression of either marker in Pdn/Pdn
brains, suggesting that the subdivision of the ventral telencepha-
lon in LGE and MGE is not affected (Fig. 3 J,L). The Gsh1 ho-
meobox gene is expressed in a “salt and pepper” fashion at high
levels in theMGE and at lower levels in the ventral LGE but not in
the dorsal LGE (Yun et al., 2003) (Fig. 3M). In Pdn/Pdnmutants,
Gsh1 expression extends into the dorsal LGE but only at caudal
levels. To quantify this effect, we subdivided the LGEwhere it was
anatomically and molecularly (lack of Nkx2.1 expression) dis-
tinct from the MGE into rostral, central, and caudal regions but
excluded the caudal-most telencephalon containing the caudal
ganglionic eminence. Counting Gsh1-expressing cells in the so-
defined LGE showed a approximately twofold increase in the
number of Gsh1-expressing cells specifically in the caudal LGE
(Mann–Whitney test, p  0.034, n  3) (Fig. 3O), suggesting a
partial ventralization of the Pdn/Pdn caudal LGE.
During thismarker analysis, we noticed that the Pdn/Pdn LGE
appears smaller and does not protrude as much into the ventricle
as in controls. The thickness of the proliferative region of the
Pdn/Pdn LGE does not seem to be affected, but themantle region
containing postmitotic neurons seemed to be thinner (Fig. 3).We
Figure3. Regionalizationdefects intheVTofPdn/Pdnembryos.A–N, Insituhybridization(A,B,G–N )andimmunostainings(C–F )on
E12.5 coronal sectionswith the indicated probes and antibodies.A–D, Stainings forDlx2 (A,B) and Gsh2 (C,D) define the PSPB (arrows),
which is shifted dorsally. Note the scattered Dlx2-expressing and Gsh2 cells in neocortical territory in Pdnmutants (arrowheads). E, In
controlembryos,Pax6expressionsharplyabutsthePSPBandmarksthemigratingcellsof thecorticostriatalstream.F, InPdn/Pdnmutants,
the ventral Pax6 expression boundary is shifted dorsally and the corticostriatal stream is severely reduced (arrow).G,H,Dbx1 expression,
which is characteristic of the ventral pallium in control embryos, is shifteddorsally inPdnmutants andexpands further into theneocortex.
I–L,Nkx2.1 andNkx6.2 expression define the extent of theMGE.M,N,Gsh1 expression ismainly restricted to theMGEof control embryos
(M ) but expands into thedorsal LGEofPdnmutants (N ).O, Quantificationof thenumbers ofGsh1-expressing cells in the LGE. Asterisk (*)
denotes statistically significant changeswith p 0.05. ctx, Cortex.
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therefore tested thePdn/PdnVT for its ability to produce neurons at
early steps of forebrain development by Tuj1 immunohistochemis-
try, an early panneuronal marker. In control embryos, this staining
revealed thickMGE and LGEmantle regions and the preplate over-
lying thecortical ventricular zone (Fig. 4A). InPdn/Pdnembryos,we
foundnodifferences inTuj1 expression in theMGEmantle or in the
preplate, but the LGEmantle region appeared thinner, suggesting a
defect in neurogenesis (Fig. 4E). To define the origin of this defect,
Tuj1 staining was repeated on E10.5 telencephali (Fig. 4B,F). On
adjacent sections,Nkx2.1 andDlx2 in situ hybridizations were used
to identify LGE andMGE (data not shown). Tuj1 cells were then
counted in LGE andMGE territories. Although this analysis did not
reveal significant differences in the percentage of Tuj1 cells be-
tween wild-type and Pdn/PdnMGE, the percentage of Tuj1 cells
within thePdn/PdnLGEwas significantly reduced to approximately
one-third (Fig. 4I) (Mann–Whitney test, p 0.05, n 3), suggest-
ing that the size reduction of the Pdn/Pdn LGE results from a re-
duced number of postmitotic neurons.
This reduction may be explained by a reduced number of
dividing cells or by an increase in apoptosis. However, the pro-
portions of neither mitotic nor apoptotic cells appeared altered
in the Pdn/Pdn LGE (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). Alternatively, the Pdn
mutation may alter the cell cycle parameters of LGE progenitors.
A BrdU/IdU labeling strategy (Martynoga et al., 2005) was used
to determine the total cell cycle length (TL) and the length of the
S phase (TS) in the ventral telencephalon of wild-type and Pdn/
Pdn E10.5 brains (Fig. 4C,G). We found no differences in either
TS or TL of MGE progenitors (Fig. 4 J). However, in proliferating
cells of the mutant LGE, TS and TL were significantly longer by
2 and 2.5 h, respectively (Mann–Whitney test, p 0.05, n 3),
suggesting that Pdn/Pdn LGE proliferating cells progress through
the cell cycle at a slower rate. To further address whether the
generation of neurons is modified in the LGE, we performed
BrdUpulse chase experiments. BrdUwas given to E10.5 pregnant
mice 24 h before dissection at E11.5 and PCNA staining was used
to reveal all proliferating cells. This analysis showed that the frac-
tion of cells leaving the cell cycle and differentiating into neurons
(BrdU/PCNA) is significantly reduced in the LGE of Pdn/Pdn
mutants, whereas the fraction of progenitors (BrdU/PCNA)
Figure 4. Diminished neuronal differentiation in the Pdnmutant LGE. A–H, Coronal sections through the forebrain of E11.5 (A, D, E, H ) and E10.5 (B, C, F, G) embryos were stained with the
indicated antibodies. A, E, The LGE neuronal layer is reduced in size and has similar sizes in the MGE and preplate. B, F, The E10.5 LGE of Pdn mutants generates fewer neurons. C, G, BrdU/IdU
immunostaining to determine total cell cycle length and S-phase length of neural precursors in the LGE andMGE.D,H, BrdU (injected at E10.5) and PCNA staining reveal the fraction of cells leaving
the cell cycle and differentiating into neurons in the LGE andMGE. I, Quantification of Tuj1 cells in the VT of wild-type (wt) and Pdn/Pdn E10.5 embryos. J, Quantification of the cell cycle length in
thewild-type andPdnmutant E10.5 telencephalon.K, Quantification of the fraction of cells leaving the cell cycle (BrdU/PCNA) and of cycling progenitors (BrdU/PCNA) inwild-type andPdn
mutant embryos. Asterisk (*) denotes statistically significant changeswith p 0.05. ctx, Cortex.
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is significantly increased. In contrast,
the Pdnmutation did not affect the gen-
eration of neurons in the MGE (Fig.
4D,H,K). Together, these data suggest
that the reduction in the size of the LGE is
due to a reduced number of Tuj1 post-
mitotic neurons. As the Pdnmutation se-
lectively increases the cell cycle length of
LGE precursor cells, this elongation is
likely to contribute to a reduced differen-
tiation rate in the mutant LGE.
The Pdnmutation affects the formation
of ventral telencephalic structures
important for the guidance of
thalamocortical and corticothalamic
axons
We next addressed how later develop-
ment of the Pdn/Pdn VT is affected. The
LGE plays prominent roles in the guid-
ance of TCA and CTA to their target areas
in the cortex and thalamus, respectively.
We therefore analyzed whether the for-
mation of cues that guide these axons is
affected in Pdn/Pdn embryos.
Initially, the LGE and the MGE pro-
vide two different transient populations
of pioneer neurons that send their axons
toward the cortex and thalamus, respec-
tively (Me´tin and Godement, 1996; Molna´r
et al., 1998; Tuttle et al., 1999). These pio-
neer axons act as a scaffold onwhichCTAs
and TCAs enter the VT. Since no markers
are available to selectively label these neu-
rons, we investigated the presence ofMGE
and LGE pioneers in Pdn/Pdn embryos by
DiI injections into the E12.5 thalamus and
neocortex. In control embryos, these in-
jections retrogradely label axons project-
ing from MGE and LGE pioneer neurons
and their cell bodies (n 4 for each label)
(Fig. 5A–D). Similarly, DiI injections into
the Pdn/Pdn thalamus labeled the MGE
pioneers in the mutant (n  4) (Fig.
5E,F). In contrast, DiI injected in the
E12.5 cortex of Pdn/Pdn mutants did not
reveal any pioneer cell bodies and axons in
the LGE in any of the four brains that were
analyzed (Fig. 5G,H). These data suggest
that MGE pioneer neurons are present,
but LGE pioneer neurons either fail to project toward the cortex
or are absent in Pdnmutants.
Recent analysis has shown that cells originating in the LGE
migrate into the MGE and form a permissive corridor along
which TCAs traverse theMGE (Lo´pez-Bendito et al., 2006). Cor-
ridor cells are marked by Ebf1 expression from their birth in the
E11.5 LGE and during their migration into the MGE, where they
settle dorsal and ventral to the globus pallidus with the upper
branch corresponding to the corridor and the lower branch to the
external capsule (Fig. 6A,B) (Lo´pez-Bendito et al., 2006). In Pdn/
Pdn embryos, Ebf1-expressing cells are formed in the LGE (Fig.
6E) and migrate toward the MGE, but their final organization in
the MGE is altered (Fig. 6F). Although the corridor forms in
mutant embryos, Ebf1-positive cells were not detected in a posi-
tion ventral to the globus pallidus but in a broad stream extend-
ing toward the pial surface (Fig. 6F). Cells expressing Ebf1weakly
are also present ectopically in mutant dorsal telencephalon (Fig.
6F, arrow). This abnormality in the MGE mantle region was
confirmed by staining for Isl1/2, which marks cells in both the
internal and the external capsule in wild-type embryos. In Pdn/
Pdn embryos, Isl1/2 cells were only detected dorsally of the
globus pallidus (Fig. 6C,G). This analysis also revealed a number
of scattered Isl1/2 cells medial to the globus pallidus in the
ventromedial MGE (Fig. 6G, arrows), which were not detected in
control embryos. Nkx2.1 staining on adjacent sections also
showed that the globus pallidus (Lo´pez-Bendito et al., 2006) is
Figure 5. LGE pioneer neurons cannot be retrogradely labeled by cortical DiI injections. A, B, E, F, DiI injections into the E12.5
thalamus retrogradely label pioneer neurons in the MGE of control and Pdn/Pdn embryos. C, D, G, H, DiI injections into the E12.5
back-label LGE pioneer neurons in the control LGE but not in Pdn/Pdnmutants. ctx, Cortex; DT, dorsal thalamus.
Figure6. Formation of the ventral telencephalic corridor in the Pdnmutant VT.A–H, Coronal sections through theVT of control
(A–D) and Pdnmutant embryos (E–H ) hybridizedwith the indicated probes.A, E, Ebf1 expressionmarks future corridor cells from
their site of origin in the LGE in E11.5 control and Pdnmutant embryos.B, F, In E13.5 control embryos, Ebf1-expressing cells settle
dorsal and ventral to the globus pallidus corresponding to the internal (ic) and external (ec) capsule, respectively. In Pdnmutants,
the external capsule does not formproperly. C,G, Isl1/2 immunohistochemistry revealing the distribution of corridor cells. Isl1/2
cells aremore dispersed in theMGEmantle of Pdn/Pdn embryos.D,H, Nkx2.1 in situ hybridization labels MGE progenitor cells and
the globus pallidum (gp), which has an abnormal size in Pdnmutants. ctx, Cortex.
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smaller in Pdn/Pdn embryos (Fig. 6D,H). This altered morphol-
ogymay also cause subtle changes in the expression of axon guid-
ance molecules important for the navigation of thalamocortical
and corticothalamic axons through the ventral telencephalon
(supplemental Fig. 2, available at www.jneurosci.org as supple-
mental material). Together, these results suggest an abnormal
organization of theMGEmantle zone having ectopic Isl1/2 cells
adjacent to an abnormally small globus pallidus.
The corticothalamic and thalamocortical tracts develop
abnormally in Pdn/Pdnmutant mice
Next, we analyzed the development of the thalamocortical and
corticothalamic tracts in Pdn/Pdn mutants. In control newborn
(P0) brains, neurofilament (NF) immunostaining showed
thalamocortical and corticofugal axons running through the VT,
loosely organizedwithin the striatumbutmore densely packed in
the internal capsule (Fig. 7A). NF staining showed the presence of
these tracts in Pdn/Pdn animals but axons in the striatum appear
disorganized, with some axons running in several abnormal di-
rections (Fig. 7E). Moreover, a thick axon bundle runs along the
PSPB.
To further characterize the development of these tracts, we
injected DiI crystals into the cortex and thalamus of control and
Pdn/Pdn P0 brains. In control animals, thalamocortical and cor-
ticothalamic axons have completed their journey to their target
regions in the cortex and dorsal thalamus, respectively. DiI injec-
tions in the cortex and thalamus reveal the full length of the two
tracts (Fig. 7B–D). Axons are arranged in approximately parallel
bundles in the striatum and are highly fas-
ciculated in the internal capsule. In con-
trast, DiI injections into P0mutant brains
showed several abnormalities. Although
DiI injected into the cortex diffuses into
the dorsal thalamus, indicating that some
Pdn/Pdn cortical and/or thalamic axons
reach their final targets, fewer axons are
labeled in the internal capsule (Fig. 7F)
and themost strongly labeled bundle runs
along the PSPB (Fig. 7F). DiI injections
into the thalamus also revealed abnormal
axonal trajectories, which vary along the
rostral/caudal axis. Rostrally, labeled ax-
ons channel through the internal capsule,
appearmore disorganized in the striatum,
and are present in a bundle running along
the PSPB (Fig. 7G). Caudally, labeled ax-
ons are also seen traversing the internal
capsule, but abnormal bundles are seen
growing ventrally through the globus pal-
lidus toward the amygdala (Fig. 7H, white
arrow) and projecting directly laterally
between the internal capsule and the PSPB
with a dorsal turn toward the cortex.
Abnormally, few labeled axons enter the
cortex, particularly caudally (Fig. 7H ).
Together, these analyses indicate a severe re-
duction in numbers of corticothalamic ax-
ons,manyofwhich runalong thePSPB, and
a major misrouting of many thalamocorti-
cal axons in the VT of P0 Pdn/Pdnmutants.
To gain insights into the development
of these defects, NF staining was per-
formed on E14.5 control and Pdn/Pdn
brains. NF axons are present in the developing thalamus, VT,
and cortex of control embryos. The internal capsule contains a
high density of NF axons whereas the striatumhasmore loosely
organized axons (Fig. 8A). Pdn/Pdn embryos have NF axons in
the thalamus and VT (Fig. 8B), but axons run in a more disorga-
nized manner in dorsal regions of the LGE and there are no NF
axons in the mutant neocortex. NF axons stop in the VT before
reaching the PSPB with no axons coming from or arriving at the
cortex.
The trajectories of thalamocortical and corticothalamic axons
were investigated by DiI injections into the E14.5 cortex and
thalamus. In control brains, thalamocortical and corticothalamic
axons reach the VT around E13.5/E14.5 (Lo´pez-Bendito and
Molna´r, 2003). While cortical axons are just starting to cross the
PSPB at E14.5, thalamocortical axons have already penetrated the
MGE, channeled through the internal capsule, and started to
enter the developing cortex. In controls, therefore, cortical DiI
injections anterogradely label the corticothalamic tract and ret-
rogradely label the thalamocortical tract (Fig. 8C,E), whereas
E14.5 dorsal thalamic DiI injections reveal anterogradely labeled
thalamocortical axons only (Fig. 8G,I). InPdn/Pdn embryos, cor-
tical DiI injections showed no labeled axons entering or leaving
the cortex (Fig. 8D,F). Thalamic axons pass over the diencephal-
ic/telencephalic boundary and funnel through the internal cap-
sule but subsequently defasciculate and some axons project
ventrally to the amygdaloid region (Fig. 8H). This ventral deflec-
tionwasmore pronounced at caudal levels (Fig. 8 J). These results
indicate that the corticothalamic and thalamocortical defects ob-
Figure 7. Axon guidance defects in the P0 Pdn/Pdn brain. A–H, Coronal sections through the brain of control (A–D) and
Pdn/Pdn (E–H ) newborn animals. A, E, Neurofilament staining shows a disorganized striatum (str) and an ectopic axon bundle
running along the PSPB (arrow). B, F, DiI injection (asterisk) into the cortex (ctx) revealed fewer axon fibers in the striatum and
ectopic axons deflected at the PSPB (arrowhead). C, D, G, H, Thalamic DiI injections (asterisk) revealed trajectories of TCAs. In the
mutant, some TCAs enter the cortex rostrally but an ectopic axon bundle runs along the PSPB (G). Caudally, an ectopic axon bundle
runs ventrally in the basal ganglia (white arrow) whereas other fiber bundles leave the internal capsule (ic) prematurely and
directly project toward the PSPB (H, arrowheads). DT, Dorsal thalamus; hip, hippocampus; iz, intermediate zone.
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served at P0 have their origin at the time when these tracts are
forming.
Golli-tau-GFP reveals cortical axon pathfinding defects
Results from DiI analysis indicated severe pathfinding defects of
corticofugal axons in Pdn/Pdnmutants. To examine corticotha-
lamic axons in isolation, we used the Golli tau-green fluorescent
protein (GFP) mouse line (Jacobs et al., 2007), in which the golli
promoter element of the myelin basic protein gene drives the
expression of a GFP fusion protein in subplate and deep cortical
neurons and labels their cell bodies and axons. In E14.5 control
embryos, GFP axons were detected in the intermediate zone of
the cortex and in the dorsal-most part of the LGE (Fig. 9A). GFP
immunostaining in combination with immunofluorescence for
Glast, which labels glial fascicles at the PSPB, confirmed that
corticothalamic axons have just passed over the PSPB (Fig. 9A).
Two days later, these axons have navigated through the internal
capsule (Fig. 9B). In Pdn/Pdn;Golli tau-GFP brains, GFP neu-
rons are formed normally but we could not detect any GFP
axons projecting over the PSPB at E14.5 and at E16.5. Instead, a
GFP axon bundle runs along the PSPB (Fig. 9C,D). In P0 con-
trol animals, GFP is expressed in the cell bodies and axons of
cortical neurons (Fig. 9E,F ), in particular in layers 5 and 6 and
in subplate neurons (Jacobs et al., 2007). At this stage, corti-
cofugal GFP axons have reached the dorsal thalamus (Fig.
9F ). In P0 Pdn/Pdn Golli GFP animals, some Pdn/Pdn GFP
corticothalamic axons extend into the diencephalon, but none
reach the dorsal thalamus and many make abnormal sharp
turns in the striatum (Fig. 9G,H ). These findings indicate a
developmental delay of the corticothalamic tract and path-
finding errors in the VT.
The Pdn/PdnVT is compromised in its ability to guide
thalamocortical and corticofugal axons
It is likely that the severe defects in Pdn/PdnVT are amajor cause
of the corticofugal and thalamocortical axonal defects in this re-
gion. This is strengthened by our finding that, although the Pdn/
Pdn cortex is thinner, neither thalamus nor cortex shows obvious
abnormalities in their patterns of expression of several maker
genes (supplemental Figs. 3–5, available at www.jneurosci.org as
supplemental material). Cortical layers appear to form relatively
normally and corticofugal neurons are specified (supplemental
Figs. 4, 5, available at www.jneurosci.org as supplemental mate-
rial). Defects in cortical arealization are confined to the motor
cortex, which is decreased in size (supplemental Fig. 6, available
at www.jneurosci.org as supplemental material), probably due to
a ventralization of the rostrodorsal telencephalon (Kuschel et al.,
2003), but somatosensory and visual cortex are formed normally
(supplemental Fig. 6, available at www.jneurosci.org as supple-
mental material). In addition, non-neural cell populations such
as oligodendrocytes are present normally in the Pdn/Pdn cortex
(supplemental Fig. 7, available at www.jneurosci.org as supple-
mental material). Nevertheless, since reduced Gli3 levels in thal-
amus and/or cortex might explain the abnormal development of
thalamocortical and/or corticothalamic projections, we used a
recently developed in vitro transplantation assay (Lo´pez-Bendito
et al., 2006) to test directly the ability of the Pdn/PdnVT to guide
thalamocortical axons. Pdn mutants were crossed with mice
ubiquitously expressing a GFP fusion protein (Pratt et al., 2000).
Dorsal thalamic tissue from E13.5 GFP embryos was trans-
planted into the preoptic area of age-matched GFP embryos,
from where thalamic axons can enter the permissive corridor in
the MGE (Lo´pez-Bendito et al., 2006). Transplantation of con-
trol;GFP thalamic tissue into control preoptic area led to axon
outgrowth from the transplant toward the neocortex (n 8 of 9)
(Fig. 10A–D). Most thalamic axons migrated in the internal cap-
sule (n 8 of 9) and, in a few cases, axons crossed the LGE and
reached the cortex (n  3 of 9). Some axons also grew in the
external capsule (n  4 of 9), as observed previously (Lo´pez-
Bendito et al., 2006). After transplantation of Pdn/Pdn;GFP
thalamus into control preoptic area, axons also migrated in the
internal capsule (n 7 of 9) and in the external capsule (n 3 of
Figure 8. Development of the corticothalamic and thalamocortical tract. A–J, Coronal sec-
tions through the brains of control (A, C, E, G, I ) and Pdn/Pdn (B, D, F, H, J ) E14.5 embryos. A,
Neurofilament staining reveals axons in the cortex (ctx, arrowhead). B, The mutant neocortex
lacks neurofilament staining and TCAs have not reached the cortex yet. C–F, Cortical DiI injec-
tions (*) reveal the corticothalamic and thalamocortical tracts in control embryos (C,E)whereas
CTAs fail to enter the VT in Pdn/Pdn embryos (D, F ). G–J, Thalamic DiI injections (*) show TCAs
having migrated through the VT along the internal capsule (ic). In the rostral forebrain, some
mutant TCAs enter the internal capsule but soon defasciculate (arrowhead), whereas others
project ventrally toward the amygdala (arrow) (G, H ). This ventral deflection is more pro-
nounced caudally (I, J ). str, Striatum.
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9) (Fig. 10E,F), although a few axons grew along the ventral edge
of the explant (n  4 of 9), a path which was not observed in
control experiments. When we transplanted control;GFP thal-
amus into the preoptic area of Pdn/Pdn;GFP embryos, we
observed thalamic axons growing into the mutant VT in a
disorganizedmanner and it was never possible to recognize path-
ways reminiscent of the internal or external capsule (n 10 of 10)
(Fig. 10G,H). Some axons also projected along the ventral edge of
the explant (n  6 of 10). These findings indicate that the Pdn/
Pdnmutant VT lacks an intrinsic ability to guide thalamic axons
normally. Our findings also indicate that some mutant thalamic
axons might have defects in their ability to follow guidance cues
provided by the wild-type VT.
Finally, we used a similar transplantation assay to test the
ability of Pdn/Pdn corticofugal axons to cross the PSPB and enter
the striatum. For this purpose, cortical tissue from E16.5 GFP
embryos was transplanted into the cortex of age-matched GFP
embryos, from where cortical axons can enter the intermediate
zone and grow toward the ventral telencephalon. Transplanta-
tion of control;GFP cortical tissue into control cortex led to
axon outgrowth from the transplant into the striatum (n 10 of
10) (Fig. 10 I). When we transplanted Pdn/Pdn;GFP cortex into
control cortex, we similarly observed GFP axons penetrating
the ventral telencephalon (n  16 of 16) (Fig. 10 J). In contrast,
corticofugal axons do not enter the striatum but migrate along
the PSPB after transplantation of control;GFP thalamus into
the cortex of Pdn/Pdn;GFP embryos (n  5 of 5) (Fig. 10K),
suggesting that the Pdn/Pdn ventral telencephalon has lost its
ability to guide corticofugal axons into the striatum.
Discussion
In this study, we show that Pdn/Pdn embryos have an overall
reduction ofGli3 expression levels, but gradedGli3 expression in
the VT remains. This reduced Gli3 expression coincides with an
upregulation of Shh expression in theVT and an extension of Shh
signaling into the LGE. Pdn/Pdnmutants have severe patterning
defects in the ventral telencephalon. Although the MGE mantle
zone becomes disorganized, the LGE is most affected, showing
growth and regionalization defects that have effects on the path-
finding of thalamocortical and corticothalamic axons.
ReducedGli3 expression levels alter patterning of the VT
The function of Gli3 during the development of the ventral telen-
cephalon is poorly understood. In the Gli3 hypomorphic mutation
Pdn, the PSPB is shifted dorsally and is less well defined. Moreover,
theLGE ispartially ventralized at caudal levels and theLGEmantle is
much reduced in thickness due to an elongation of the cell cycle of
LGE progenitors, which leads to a decreased production of LGE
neurons.Moreover, innewbornPdnmutants, theseearly embryonic
changes are consistent with an expansion of striatal projection neu-
rons derived from the ventral LGE (supplemental Fig. 8, available at
www.jneurosci.org as supplemental material). Collectively, these
phenotypes suggest thatnormalLGEdevelopment ishighly sensitive
to changes in Gli3 expression levels consistent with its position be-
tween thedorsal telencephalon, inwhich theGli3 repressorpredom-
inates, and the MGE with high levels of Gli3 activator (Fotaki et al.,
2006). The relative severity of the LGE phenotypes in Pdn/Pdnmu-
tants is also in contrast to mice lacking Gli3 completely. These ani-
mals show ventral telencephalic growth and differentiation defects
Figure9. TheGolli-GFP transgene reveals pathfinding defects of corticofugal axons.A–H, Coronal sections through the brains of E14.5 (A, C) and E16.5 (B,D) embryos andP0 (E–H ) control and
Pdn/Pdn animals carrying the Golli-GFP transgene.A,B, GFP immunofluorescence shows cortical axons crossing the PSPB (E14.5) and penetrating the VT (E16.5). Glast immunofluorescence labels
glial fascicles at the PSPB. C,D, Pdn/Pdn corticofugal axons fail to enter the VT but project along the PSPB (C,D, arrow). E, F, In newborn control animals, GFP is expressed in the cell bodies and axons
of layer 5 and6neurons and in subplate neurons. GFP axons have reached the dorsal thalamus.G,H, FewPdn/PdnGFP corticothalamic axons extend into the diencephalon but have not reached
the thalamus. Many axons take abnormal routes in the striatum (str) whereas others project along the PSPB. DT, Dorsal thalamus; ctx, cortex; ic, internal capsule; CC, corpus callosum; fi, fimbria.
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(Yu et al., 2009a), but the major defects are
in thedorsal telencephalon.Therefore, it ap-
pears that Gli3 levels in the LGE of normal
mice might be close to a threshold required
for normal developmentwhereasGli3 levels
in the dorsal telencephalon might be well
above such a threshold.
Interestingly, the Pdnmutation leads to
upregulation of Shh expression and signal-
ing in the ventral telencephalon, suggesting
that the phenotypes described above are
linked to this upregulation. Their occur-
rence coincideswith theonset of alteredShh
signaling at E10.5 (Ueta et al., 2008) and the
regionalization and growth defects in the
Pdn/Pdn ventral telencephalon are consis-
tent with known roles of Shh in regulating
ventral telencephalic gene expression (Shi-
mamura and Rubenstein, 1997; Rallu et al.,
2002; Fuccillo et al., 2004;Xu et al., 2005; Yu
et al., 2009b) and the expression of cell cycle
regulators in neural tissues (Kenney and
Rowitch, 2000; Ishibashi and McMahon,
2002; Kenney et al., 2003;Oliver et al., 2003;
Lobjois et al., 2004; Cayuso et al., 2006;
Alvarez-Medina et al., 2009). Also, ectopic
Shh expression in the dorsal spinal cord re-
sults in reduced neurogenesis (Rowitch et
al., 1999). These findings are therefore in
line with previous analyses that showed the
antagonism between Shh and Gli3 to be an
important determinant of ventral telence-
phalic patterning (Rallu et al., 2002; Rash
andGrove, 2007).This antagonism involves
interactions atmultiple levels. Shh signaling
inhibits the proteolytic processing of Gli3
into its repressor form, which negatively
controls the expression of Shh target genes.
Also, Gli3 expression is downregulated in
neural cells close to a Shh source. Here, we
extend these findings by showing that Gli3
in turn negatively regulates Shh expression
in the ventral telencephalon. A more pro-
nounced, but VT-restricted, increase in Shh
expression is also found in Xt J/Xt J mutants
(K.H.T. and T.T., unpublished data). These reciprocal interactions
therefore appear to be part of a complex feedback mechanism that
ensures the production of correct Gli3 repressor and Shh signaling
levels. Finally, the Shh/Gli3 antagonism has been inferred from the
analyses of loss-of-function mutations, which indicates an absolute
requirement forbothgenes inVTpatterning (Rallu et al., 2002;Rash
and Grove, 2007). Changing Gli3 expression levels and thereby the
amount and extent of Shh signaling as in Pdn/Pdnmutants also has
severe consequences on telencephalic development, emphasizing
the importance of relative Gli3 and Shh expression levels and sup-
porting amodel where opposite gradients of Gli3 repressor and Shh
signaling control patterning of the ventral telencephalon.
Axon guidance defects in Pdn/Pdnmutants result from early
patterning defects
The ventral telencephalon gives rise to multiple neuronal and
glial cell types and plays amajor role in the guidance of TCAs and
CTAs. Although thePdn/Pdn ventral telencephalon still produces
these cell types (Fig. 6; supplemental Figs. 7 and 8, available at
www.jneurosci.org as supplemental material), its axon guidance
capability is severely compromised.We showed that thalamocor-
tical axons are capable of penetrating the VT but then project in
abnormal directions, either into the amygdaloid region at caudal
levels or prematurely exiting the internal capsule at rostral levels.
Several lines of evidence indicate that defects in the VT play a
major role in the development of these abnormalities. Patterning
of the dorsal thalamus is not affected in Pdn/Pdn mutants. In
contrast, the mantle zone of the MGE is disorganized and shows
subtle changes in the expression patterns of axon guidance mol-
ecules (supplemental Fig. 2, available at www.jneurosci.org as
supplemental material). These alterations may be caused by
changes in themorphology of the Pdn/Pdn ventral telencephalon
and are unlikely to explain the severe TCA pathfinding defects.
Moreover, although the permissive corridor forms in themutant,
the globus pallidus, which is nonpermissive for thalamocortical
axons, is reduced in size, in particular in its medial extent. In-
Figure10. ThePdnmutantVT lacks theability toguide thalamicandcortical axons.A–D, Transplantationof controlGFP thalamic
tissue intothepreopticareaofcontrolembryos.Thalamicaxons(thal)growthroughtheVTviathe internal (ic)andtheexternal (ec)capsule
andenter the cortex (ctx;C,D).E,F, TransplantationofPdn/PdnGFP thalamic tissue into thepreoptic areaof control embryos.Mutant
thalamicaxonsgrow into theVTvia the internal andexternal capsules, but someaxonsproject along theedgeof the transplant (F, arrow).
G,H, Transplantation of controlGFP thalamic tissue into the preoptic area of Pdn/Pdn embryos. Thalamic axons grow into the VT in a
disorganized manner. I, Transplantation of control GFP cortical tissue into the frontal cortex of control embryos. Cortical
axons grow along the intermediate zone until they cross the PSPB and enter the striatum (str). J, Transplantation of Pdn/Pdn
GFP cortical tissue into the frontal cortex of control embryos. Mutant cortical axons grow in the control intermediate zone and
cross the PSPB entering the striatum. K, Transplantation of control GFP cortical tissue into the frontal cortex of Pdn/Pdn
embryos. GFP cortical axons grow into mutant cortex in a disorganized manner, projecting away from or along the PSPB
(arrowheads).
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stead, this medial MGE region, which lacksNkx2.1 expression in
Pdn/Pdn embryos, contains numerous Isl1/2 cells. Since
Isl1/2 corridor cells are capable of guiding TCAs through the
otherwise nonpermissive environment of the MGE (Lo´pez-
Bendito et al., 2006), the scattered Isl1/2 cells might enable
TCAs to enter the ventromedial MGE or leave the internal cap-
sule prematurely. This scenario is also supported by our trans-
plantation assay. Pdn mutant thalamic axons are capable of
responding to ventral telencephalic guidance cues after trans-
plantation into the preoptic area of control embryos, although
some mutant axons project abnormally along the edge of the
transplant, indicating some intrinsic defects. In turn, transplan-
tation of wild-type thalamic tissue into the Pdn/Pdn preoptic area
led to the disordered growth of TCAs into the host ventral telen-
cephalon, strongly suggesting that the mutant VT is compro-
mised in its ability to guide thalamic axons through the MGE.
Together, these findings provide strong evidence for a major role
of ventral telencephalic patterning defects in the development of
the axon guidance defects in Pdnmutants.
In addition, corticofugal axons also showed severe pathfind-
ing defects. Only a few corticothalamic axons project toward the
diencephalon. DiI labeling and the use of the Golli-GFP trans-
gene indicate that their entry into the LGE is delayed by several
days. Instead, many axons project along the PSPB, a pattern fre-
quently observed after perturbation of early corticothalamic de-
velopment (Jones et al., 2002). Several lines of evidence argue
against a major involvement of the cortex in the development of
this phenotype. The overall organization of the Pdn/Pdn cortex
appears largely unaffected with subtle differences in cortical are-
alization, which are unlikely to explain the severe pathfinding
defects of Pdn/Pdn corticofugal axons. More importantly, our
transplantation assay clearly showed that Pdn/Pdn cortical axons
can correctly navigate into the ventral telencephalon in a wild-
type environment (Fig. 10).
Guidance of CTAs across the PSPB is thought to involve a
transient population of pioneer neurons located in the LGE
(Me´tin and Godement, 1996). Interestingly, the Pdn mutation
represents the first knownmutation to affect the development of
these pioneers. In the absence of molecular markers, retrograde
DiI labeling is the onlymethod to identify these pioneer neurons,
but it failed to label their projections; however, a similar popula-
tion of pioneer neurons in the MGE is present in Pdn/Pdn em-
bryos. LGE pioneers and their projections could also not be
labeled by later (E14.5) DiI injections (Fig. 8F) into the cortex,
arguing against a delay in their development. These findings
therefore suggest either the absence of these neurons or a failure
to project their axons toward the cortex. This defect might be
explained by the partial ventralization of the caudal LGE and/or
by the reduced neurogenesis in the LGE. Alternatively, the dorsal
shift of the PSPB might interfere with the projection of these
neurons as theymight be separated from attractive guidance cues
emanating from the cortex (Lo´pez-Bendito et al., 2006). Given
the known role of pioneer neurons in the development of fore-
brain axonal connections (McConnell et al., 1989; De Carlos and
O’Leary, 1992; Supe`r et al., 1998; Lakhina et al., 2007; Piper et al.,
2009), defective LGE pioneer development in Pdn/Pdn embryos
provides a strong explanation for the delay of CTAs to cross the
PSPB. In addition, the defective formation of the PSPB might
provide an alternative, not mutually exclusive, explanation for
the navigation defects of CTAs (Molna´r and Blakemore, 1995a;
Molna´r and Butler, 2002). However, the finding that corticofugal
axons penetrate the ventral telencephalon in P0 mutants suggests
that the LGE pioneers might be important for the correct timing of
crossing and the later-arriving thalamocortical axons might guide
corticothalamic axons across the PSPB (Molna´r and Blakemore,
1995b).
Our study provides strong evidence that correct levels of Gli3
expression are required for normal patterning of the VT and for
the development of its axon guidance capabilities. This analysis
emphasizes the link between early patterning and axon pathfind-
ing in the developing forebrain and demonstrates a previous un-
known role for Gli3 in axonal development.
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